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Abstract
The objective of the study was to improve knowledge on effects of harvested tree size and den-
sity of undergrowth on the operational efficiency of a bundle-harvester that produces 2.6 m long 
bundles, with ca. 60–70 cm diameter, in early fuel wood thinnings. In total 26 time study plots 
were marked out in 30 to 35 year old Scots pine dominated stands with initial density of 
2800–9300 trees/ha and stem size range of 15–43 dm3. Ten of the units, randomly chosen, were 
precleared of undergrowth trees (≤2.5 cm at breast height diameter) prior to harvesting.
There were no significant differences between treatments (preclearing vs. no preclearing) in 
properties or operational efficiency of the harvested and remaining stands. The average height 
of cut trees and volume of cut stems were 7.4 m and 16.2 dm3, respectively, and on average, 
3554 trees/ha were removed. The bundles had a mean fresh mass of 439 kg and the mass was 
correlated to the proportion of birch trees cut. The productivity was, on average, 3.1 OD t/PM0H 
(6.6 fresh t/PM0H; 15.1 bundles/PM0H, where PM0H is productive machine hours, without 
delays) and was modeled with the harvested stem volume (dm3) as a single independent variable. 
The study provides complementary knowledge to earlier studies of the system’s performance, 
especially for harvesting stems <30 dm3. Its productivity was limited by the cutting efficiency 
and could probably be significantly increased by using a felling and bunching head that could 
cut and accumulate trees during continuous boom movements. Thus, it would be informative 
to evaluate such a system in various early thinning stand conditions, including assessments of 
its manoeuvrability in more difficult terrain.
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mass	can	also	be	delivered	unprocessed	or	comminut-







logging residues from clear cuts and small-diameter 
whole	trees	from	early	thinnings,	but	it	accelerates	deg-










ual	 biomasses	 for	 biorefining	 rises	 (Bergström	 and	
Matisons	2014).	In	Sweden,	potential	annual	extractions	
of such trees amount to ca. 6.5x106 m3;	five	times	more	
than	current	harvests	(Routa	et	al.	2013).	Correspond-
ing quantities for Finland are 7.7x106 m3, which would 
give	33%	more	than	currently	(Routa	et	al.	2013).	Small	
heating	plants	often	require	deliveries	of	comminuted	
fuels, while large-scale heat and combined heat and 
power	plants	can	normally	comminute	material	on-site,	
and	thus	also	receive	unprocessed	tree	parts.	The	bio-
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9.7–13.8	m3solid /PM0H	when	 thinning	 Scots	 pine	
dominated stands, removing stems with average vol-
umes	of	27–84	dm3 (Nuutinen	and	Björheden	2015).	
The	 solid	volumes	of	 the	produced	bundles	 range	
















2. Material and methods
2.1 Treatments
A	stand	containing	patches	dominated	by	broad-






















bearing	 capacity,	 the	 surface	had	no	obstacles,	 the	
slope	was	slight	and	it	was	classified	as	2.1.1	according	
to	Berg´s	(1992)	terrain	classification	system.
2.2.1 Time study plot preparation







sampled	 and	 their	 height	 and	 diameter	 at	 stump	
height	(15	cm	above	ground	level)	were	measured.	
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(DBH) with a cleaning saw and leaving them on the 
ground before thinning.
2.3 Machine system












diameter of 28 cm.






























Table 1 Characteristics of the 26 time study plots before pre-clearing and thinning work. DBH=diameter at breast height, OD=oven-dry, 
SD=standard deviation





































































Stats. cm cm m2/ha dm3 trees/ha m m3/ha m3/ha OD t/ha %3 %3 %3 trees/ha %3 %3 %3 trees/ha
Mean 7.1 8.0 26.3 26.5 5406 8.2 133.9 189.2 92.3 27.4 23.5 48.4 4523 6.1 33.9 60.0 1516
Min. 5.5 6.3 17.8 15.0 2765 7.0 91.0 124.0 54.0 1.0 0.0 5.0 134 0 0 0 0
Max. 8.5 9.9 36.4 43.0 9302 9.7 206.0 302.0 148.0 95.0 75.0 89.0 11,951 55.0 100 96.0 4289
Median. 7.0 8.0 25.6 24.5 5200 8.1 131.0 173.5 91.0 17.0 16.0 60.5 3648 2.0 25.5 69.0 1165
SD 0.9 1.0 5.3 8.1 1583 0.7 28.9 48.7 24.9 25.8 21.0 28.3 3509 12.1 28.9 29.1 1517
1 Arithmetic mean; 2 Weighted by basal area; 3 In number of trees; 4 Stem volume on bark; 5 Whole tree volume/mass (incl. tops and branches); 6 All plots before 
pre-clearing; 7 All plots after pre-clearing of ten plots
Fig. 1 The bundle-harvester system
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2.3.2 Operator
The	operator	had	one	year	of	experience	in	early	
thinning	operations	 and	had	been	working	 for	 six	





























dataset for each time	study	plot, including the time 
(hour:	minute:	 second)	when	 each	bundle	was	 ex-
pelled	from	the	bundler	and	its	fresh	mass	as	acquired	
from the integrated scale.
2.5 Stand quality measures
After	the	time	study,	the	DBH	and	species	of	all	











the road center to the furthest cut tree, along a line 
perpendicular	to	the	strip	road)	was	also	measured	
within the transects. The stem volumes of trees with 
DBH≤5	cm	and	>5	cm	were	calculated	using	functions	
presented	by	Andersson	(1954)	and	Näslund	(1947),	
respectively.	The	oven-dry	(OD) biomass content of 
stems, branches and needles was calculated using 
functions	presented	by	Marklund	(1987),	and	for	con-
version	 to	 solid	 volumes,	 basic	 density	 values	 for	
crown	biomass	obtained	by	Hakkila	(1978)	were	used.	
Damage	was	recorded	when	there	was	visible	harm	to	
sapwood	of	trees	with	DBH>2.5 cm, with no restriction 
on	wound	size	(cf.	Wallentin	2007),	registering	wheth-
er	the	damaged	tree	was	adjacent	to	a	strip	road	or	
located inside the stand.
2.5.1 Bundle mass







Fig. 2 Flow chart of work processes for the studied bundle-harvest-
er (cf. Nuutinen et al. 2011, Nuutinen and Björheden 2015). Fell A, 
B indicate that the work can include accumulation of several trees
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536	kg/m3	calculated	for	pine	(10	plots),	spruce	(3	plots)	





a	 randomly	 selected	bundle	 from	each	of	 the	 time	
study	plots	using	a	chainsaw.	The	MC	of	the	sample	
was	determined	following	standard	method	CEN/TS	
14774-2	(2004),	and	the	average	MC for units domi-
nated	by	pine,	spruce	and	birch	was	found	to	be	53.4	
(SD	2.5),	58.7	(SD	1.3)	and	52.6%	(SD	3.0),	respectively.




vesting units, etc.), of which data recorded during 









return	over	energy	invested	(EROEI) were calculated 
using	the	total	fuel	consumption,	total	OD mass har-








dling	 chamber	 was	 emptied	 and	 then	 fed	 with	
weighed, cut tree sections until it contained enough to 
produce	a	full	bundle.	The	bundle	was	then	weighed,	
and	biomass	losses	were	calculated	by	simply	sub-
tracting its mass from the mass of material used to 
create	it.	In	total	13	bundles	were	produced	using	rep-
resentative	samples	of	trees	with	close	to	average	char-
acteristics	 for	 their	respective	stands	 (Table	1).	The	
average	mass	of	these	13	bundles	was	493	kg	(SD 115).
2.6 Analysis and statistics




Table 2 Definitions of recorded work elements
Work element (Abbreviation) Description Priority*
Boom out (Crut)




Starts when the first tree has been reached and stops when the last tree in a crane cycle has been felled 
(moving to successive trees is included)
1
Boom in (Crin)
Starts when the last tree in the crane cycle has been felled and stops when the felling head drops the bunch of 
trees on the bundler feeding plate/on the ground
1
Arrangement of felled trees 
on the ground (Artr)
Starts when the felling head drops the bunch of trees on the ground and ends when the cross-cut tree parts 
are dropped on the ground/on the bundler feeding plate
1
Arrangement of bundles on 
the ground (Arbu)
Starts when the crane grabs a bundle and ends when the bundle is dropped on the ground 1
Moving (Move) Starts when the base machine wheels start turning and ends when the base machine stops 2
Bundling (Bundle)
Starts when the crane/base machine wheels are idling and the bundling unit is feeding/compressing trees and 
ends when the crane/machine starts to move for felling or a bundle is dropped on the scale
3
Scaling and dropping (Drop)
Starts when the crane/base machine wheels are idling and a bundle is dropped on the scale and ends when 
the bundle is dropped on the ground or the crane/base machine starts moving
3
Miscellaneous (Other) Other activities e.g. trees are dropped and then picked up again 4
Delays Time not related to effective work time, e.g. personal breaks, repairing 4
*The lower the number, the higher the priority
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tree and average stem volumes cut were 23.3 dm3	(SD 7.7, 


















mass of 203.4 OD	 kg	 (SD	 17.3).	A	 correlation	 test	
showed that the OD	mass	of	the	bundles	was	posi-
tively	 correlated	 to	 the	 proportion	 of	 birch	 trees	
(R=0.394;	p=0.046)	and	negatively	correlated	to	the	pro-
portion	of	spruce	trees	(R=–0.409;	p=0.038) used to cre-




diction model, with OD	t/bundle	as	a	dependent	vari-
able	and	proportion	of	birch	trees	in	the	bundle	as	an	
independent	variable,	was	constructed:
( ) ( )( )2tBundle	mass	 190.27 0.249 share	of	birch,%	No.	of	trees	cut adj. 0.12, 	 0.046)bundleOD R p  = + × = =  
( ) ( )( )2tBundle	mass	 190.27 0.249 share	of	birch,%	No.	of	trees	cut adj. 0.12, 	 0.046)bundleOD R p  = + × = =  






















Table 3 Distribution of effective work time (s/tree) in work ele-
ments (mean values for precleared and not precleared time study 
plots). SD=standard deviation. p-values are given for the treatment 
effect (preclearing vs. no preclearing)
Stats
Work element Mean, s/tree SD % p-value
Move 0.8 0.2 7.4 0.661
Fell 5.8 0.5 51.6 0.229
Crut 1.5 0.4 13.2 0.902
Crin 2.1 0.6 18.6 0.792
Artr 0.1 0.1 1.1 0.901
Arbu <0.1 0.1 0.2 0.240
Bundle 0.5 0.3 4.5 0.848
Drop 0.3 0.1 2.9 0.660
Other 0.1 0.1 0.4 0.658
Total 11.2 2.0 100 0.864
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 ( ) ( )2
Time time
min 1.95 0.136	 cycle,s , adj. 0.60%, 	 0.001
bundle crane
R p = − + = =<  
 ( ) ( )2Time timemin 1.95 0.136	 cycle,s , adj. 0.60%, 	 0.001bundle crane R p
 




The	 independent	 variable	 harvested	 stem	 volume	
(dm3)	provided	the	highest	predictive	power,	R2(adj) 
value, and hence was used as a single covariate in the 
ANCOVA	analysis.	All	combinations	of	other	inde-
Fig. 3 Time consumption (PM0) of the bundle-harvester to produce 
a bundle as a function of time consumption per crane cycle work. 
Calculations are based on average values for 26 time study plots
Table 4 ANCOVA table and linear regression model of the bundle-harvester productivity (OD t/PM0H)
Source DF Seq. SS Adj. SS Adj. MS F p R2 R2, adj.
Stem volume, dm3 1 6.625 6.813 6.813 – <0.001 – –
Treatment 1 0.197 0.197 0.197 54.36 0.222 – –
Error 23 2.882 2.883 0.125 1.58 – – –
Total 25 9.705 – – – – 0.700 0.68
Regression terms Coeff. SE coeff. T – – – – –
Constant 1.3865 0.2410 5.75 – – <0.001 – –
Stem volume, dm3 0.10556 0.01432 7.37 – – <0.001 – –
Table 5 ANCOVA table and linear regression model of the bundle-harvester productivity (bundles/PM0H)
Source DF Seq. SS Adj. SS Adj. MS F p R2 R2, adj.
Stem volume, dm3 1 138.598 142.074 142.074 78.55 <0.001 – –
Treatment 1 3.560 3.560 3.560 1.97 0.174 – –
Error 23 41.602 41.602 1.804 – – – –
Total 25 183.760 – – – – 0.77 0.75
Regression term Coeff. SE Coeff T – – – – –
Constant 7.3805 0.9154 8.06 – – <0.001 – –
Stem volume, dm3 0.48205 0.05439 8.86 – – <0.001 – –
D. Bergström et al. Effect of Forest Structure on Operational Efficiency of a Bundle-Harvester System ... (37–49)







than in terms of OD	mass	(cf.	Tables	4	and	5).






PM15	time)	(88.7	in	PM0 time). On average, a bundle 
had	a	fresh	weight	of	454	kg,	corresponding	to	0.96	
MWh,	and	fuel	consumption	averaged	15.1	l/PM0H	






































growth clearance	up	 to	 ca.	 8	 cm	DBH would have 
given	 significant	differences	 in	work	efficiency	be-
tween	 the	 treatments.	 However,	 such	 comparison	




Fig. 4 Productivity (to left, OD t/PM0H and to right, bundles/PM0H) of the bundle-harvester system as a function of average size of harvested tree
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was	 23%	 and	 9%	 lower	 than	 values	 recorded	 by	
Nuutinen	and	Björheden	(2015),	for	harvesting	trees	




tion estimates, without measuring the MC, and for 
conversion	to	solid	volumes,	they	used	a	density	of	
855	kg/m3solid,	 thus	 for	comparison	to	values	pre-
sented here, a MC of 53.4% was assumed for their bio-
mass.	Furthermore,	the	uncertainties	(deviations	of	
average values) of the data are not stated in the cited 
study,	therefore,	no	definitive	conclusions	regarding	
similarities	 or	 differences	 in	 productivity	 can	 be	
drawn,	but	as	indicated	by	the	trends	shown	in	Fig.	5,	





















cumulating felling and bunching head, with no idle 
time	between	the	crane	and	bundling	work,	and	ob-
tained	simulated	productivities	(assuming	the	same	
conversion rate as used above) of 15 and 21 m3/PM0H	





potential	 to	 increase	productivity	 if	efficient	felling	



















ström	 et	 al.	 (2010)	 found	 that	 processing	 fresh	






observations), indicating that the ash content in stands, 
where	mostly	conifers	are	cut,	could	be	decreased	by	
up	to	ca	35%.




ering stands that are sensitive to nutrient removal as 
the studied bundle-harvester cut and bundle the 












than	 the	 feed-roller-based	 compression-processing	





and losses in accordance with stand conditions and 





inated stands and lower for birch-dominated stands, 
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thinnings from below in dense stands, in which trees 
with	9–28	dm3	stem	volumes	are	cut,	and	production	






























er than for a standard harvester, due to the addition of 



















Fig. 5 Productivity as a function of harvested whole tree size 
(stem+branch volume) recorded in the present study and accord-
ing to findings by Nuutinen and Björheden (2015)
Fig. 6 Time consumption to produce a bundle as a function of the 
bundles mass. The dotted line indicates the maximum capacity of 
1.2 min/bundle, reached for bundles with masses between 400 and 
500 kg in the study. Values of time consumption lower than ca. 7 
min are considered as PM0 time, i.e. work with no delays
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dles should be further investigated in various forest 
conditions.
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Simulation of boom-corridor thinning using a double-crane 
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